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• Hysteretic storm behaviour was
analysed in 3 water quality parameters
at 2 sites
• Storms were analysed within an obser-
vational uncertainty framework
• Range of metrics were used, including a
new index, to quantify storm hysteresis
• Differences in transport mechanisms
shown between nitrate and TP in chalk
system.
• Behaviour was complex but provides
insight into catchment processes in
landscapes.
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Catchment processes
A large proportion of nutrients and sediment is mobilised in catchments during storm events. Therefore under-
standing a catchment's hydrological behaviour during storms and how this acts to mobilise and transport nutri-
ents and sediment to nearby watercourses is extremely important for effective catchment management. The
expansion of available in-situ sensors is allowing a wider range of water quality parameters to be monitored
and at higher temporal resolution, meaning that the investigation of hydrochemical behaviours during storms
is increasingly feasible. Studying the relationship between discharge and water quality parameters in storm
events can provide a valuable research tool to infer the likely source areas and ﬂow pathways contributing to nu-
trient and sediment transport. Therefore, this paper uses 2 years of high temporal resolution (15/30 min) dis-
charge and water quality (nitrate-N, total phosphorus (TP) and turbidity) data to examine hysteretic
behaviour during storm events in two contrasting catchments, in the Hampshire Avon catchment, UK. This
paper provides one of the ﬁrst examples of a study which comprehensively examines storm behaviours for up
to 76 storm events and three water quality parameters. It also examines the observational uncertainties using
a non-parametric approach. A range of metrics was used, such as loop direction, loop area and a hysteresis
index (HI) to characterise and quantify the storm behaviour. With two years of high resolution information it
was possible to see how transport mechanisms varied between parameters and through time. This study has
also clearly shown thedifferent transport regimes operating between a groundwater dominated chalk catchment
versus a surface-water dominated clay catchment. This information, setwithin an uncertainty framework,means
that conﬁdence can be derived that the patterns and relationships thus identiﬁed are statistically robust. These
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insights can thus be used to provide information regarding transport processes and biogeochemical processing
within river catchments.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Storm events generate signiﬁcant transport of nutrient fractions and
sediment in catchments. A range of publications report that a large pro-
portion of a catchment's annual total phosphorus (TP) load can be
transported by a small number of large storm events (Bowes et al.,
2003; Evans and Johnes, 2004; Jarvie et al., 2002; Jordan et al., 2007;
Verhoff et al., 1979). These are key transport events inwhich both nutri-
ent and sediment sources are mobilised, releasing pollutants which are
transported along ﬂow pathways (surface and subsurface) and deliv-
ered to adjacent waters (Beschta, 1987; Evans et al., 2003; Meade and
Parker, 1985; Walling and Webb, 1987). Therefore, understanding the
role of hydrological activity in storms as a mechanism for the delivery
of contaminants to streams is essential for producing effective agricul-
tural land management strategies to support compliance with water
quality legislation such as the Water Framework Directive (WFD)
(European Parliament, 2000).
The recent expansion of the use of in-situ sensors to monitor nutri-
ent parameters routinely at high temporal resolution is making detailed
analysis of catchment behaviours in response to storm ﬂow activation
more feasible. Traditionally, parameters such as turbidity have been
used to investigate storm behaviours as it can be measured at high fre-
quency and has been shown to be a reasonable surrogate for the trans-
port of sediment and sediment-associated contaminants such as
phosphorus (as particulate P), ammonium and particulate organic ni-
trogen fractions which cannot be measured directly with existing sen-
sor technologies (Grayson et al., 1996; Kronvang et al., 1997;
Stubbleﬁeld et al., 2007). Themore recent introduction of novel sensors
systems and bankside automated photometers means that parameters
such as nitrate-N and total phosphorus can be investigated at higher
temporal resolutions than previously possible.
Understanding of the catchment transport pathways activated dur-
ing storm events can be enhanced by studying the changing relation-
ship between discharge and water quality parameters during an
individual storm event. The relationship often exhibits a cyclical form
known as hysteresis. Hysteresis between discharge and suspended sed-
iment or dissolved solids during storm events was ﬁrst observed by
Hendrickson and Krieger (1964) and Toler and Ocala (1965) and since
has been noted in many other water quality parameters such as turbid-
ity, nitrate, TP, Total Reactive P (TRP) and conductivity (e.g. Bowes et al.,
2009; Carey et al., 2014; House andWarwick, 1998; Lawler et al., 2006).
A paper by Williams (1989) was one of the ﬁrst studies which de-
scribed themost common shapes of hysteresis loops and provided pos-
sible explanations for why they occur, with respect to suspended
sediment concentrations during storm events. Williams (1989) classi-
ﬁed hysteresis loops into ﬁve classes. Class I was described as a single-
valued line, where the increase and decrease in discharge and sediment
concentrations are synchronised and suggests this can occur when sed-
iment is plentiful. Class II was a clockwise loop, where the suspended
sediment peak concentration occurs early in the discharge event. This
is suggested to be caused by quick ﬂushing of sediment which may be-
come exhausted by the end of the storm event. On the other hand, anti-
clockwise loops (class III) are also common, signifying the sediment
peak lagging the discharge. This could provide evidence of differing
transit times of water and sediment. Class IV was classiﬁed as a mixture
of classes I and II, a single-line plus a loop and is described as resulting
from a change in the form of the relationship during a storm event, pos-
sibly due to sediment availability, storage and transportability. The ﬁnal
class (V) was a ﬁgure-of-eight conﬁguration, which combines classes II
and III, again caused by a shift in the form of the relationship between
discharge and suspended sediment concentration during a single
event. It is important to note that many hysteresis loops maybe difﬁcult
to classify easily into these classes, and care should be taken with inter-
pretation as the same type of loop could occur for different reasons.
Nevertheless, the study of discharge-water quality hysteresis in storm
events can provide a valuable research tool to infer the likely contribut-
ing source areas and ﬂow pathways contributing to nutrient and sedi-
ment transport in catchments.
The examination of hysteresis loops can provide information regard-
ing the time-lags between discharge and contaminants (Drewry et al.,
2009; Langlois et al., 2005; Littlewood, 1992). The technique has been
widely used over the past two decades in an attempt to increase under-
standing of how catchments are functioning, for example, Bowes et al.
(2005) used the size of hysteresis loops to investigate the TP storage
and mobilisation capability of storm events across a reach in the River
Swale, Yorkshire during a succession of 10 storms. In addition, Chen
et al. (2012) examined hysteresis in inorganic N fraction transport (am-
monium, NH4+ and nitrate, NO3−) for two storms and showed that the
transport mechanisms were different between the two parameters.
These papers illustrate how catchment responses to storm events are
complex and vary between andwithin catchments, as well as being pa-
rameter dependent.
To date, research has generally focussed on a small number of storm
events for a particular catchment andoften on just onewater quality pa-
rameter. Against that background, this study is one of theﬁrst investiga-
tions to examine the storm responses of a range of water quality
parameters over a two year period (up to 75 storms), allowing the com-
parison of storms between catchments with contrasting environmental
characteristics, and between differing antecedent conditions and water
years. Outram et al. (2014) used hysteresis as a tool to compare one
country-wide storm event across three contrasting UK catchments
monitored as part of the Demonstration Test Catchment project
(McGonigle et al., 2014). The analysis showed interesting differences
between catchment behaviours even during similar storm conditions
and highlighted the need for a study which directly compares catch-
ments over a broader range of storm events. The second novel aspect
of this work is that it examines storm hysteresis accounting for the ob-
servational uncertainties in the data records. Krueger et al. (2009) ex-
amined uncertainty of storm hysteresis from a modelling perspective
and considered four storm events. This study develops this research fur-
ther and provides a non-parametric approach to quantifying observa-
tional uncertainties in both the discharge and water quality
parameters and the storm analysis is completed within this uncertainty
framework. Previous research has shown that observational uncer-
tainties in these types of data can have implications for routine data
analyses to produce data products to underpin catchmentmanagement
and policy, such as load estimation, evenwhenhigh temporal resolution
data is used (Lloyd et al., 2015b). As a result, using anuncertainty frame-
work in such analyses allowsmore robust conclusions to be drawn from
these complex data sets particularly for when hysteresis behaviour be-
tween storms is non-overlapping across uncertainty limits.
This paper uses data from two ﬁeld sites with contrasting hydroge-
ology, land use and management in the Hampshire Avon catchment,
UK. The Wylye at Brixton Deverill has a groundwater dominated chalk
catchment, while the Semat Prior's Farmhas a surfacewater dominated
clay catchment. The catchments liewithin 20kmof each other, and both
form part of the wider drainage network of the Hampshire Avon catch-
ment. The data were collected as part of the Defra funded
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Demonstration Test Catchment programme (McGonigle et al., 2014)
and uses high temporal frequency sensor data streams (15–30 min)
for discharge, nitrate, and turbidity, and 30 min frequency TP data,
with data collected from March 2012 to March 2014. These data are
used here to investigate how stormﬂow hydrochemical transport varies
in relation to catchment hydrogeology, rainfall duration and extremes,
antecedent conditions, land use or management and season.
2. Methodology
2.1. Site descriptions
The location of the two catchments considered in this study is shown
in Fig. 1 and catchment characteristics are shown in Table 1, highlight-
ing the contrasts between the two chosen catchments. Both catchments
are located in the headwaters of the Hampshire Avonwhich is predom-
inantly agricultural with a mix of semi-natural woodland, pasture
(rough and improved) and arable land use (Zhang et al., 2012). These
catchments were chosen to represent contrasting hydrogeological sys-
tems, with the monitoring station at Brixton Deverill inﬂuenced by
groundwater inputs due to the dominance of chalk geology in the catch-
ment (Allen et al., 2014; Yates and Johnes, 2013) and Prior's Farm hy-
drology mainly being driven by surface water inputs due to the
dominance of clay geology (Allen et al., 2014). Land use in the Wylye
catchment is dominated by intensive mixed arable farming, while land
use in the Sem catchment is dominated by dairy cattle production (for
more details see Table 1). The Brixton Deverill (Wylye) and Prior's
Farm (Sem) catchments are 50.22 and 4.97 km2 and their baseﬂow in-
dices are 0.93 and 0.23 respectively. Both receive an annual average
rainfall total of between 860 and 970 mm (Robson and Reed, 1999).
2.2. Data collection
2.2.1. Discharge data
Discharge data for theWylye at Brixton Deverill were obtained from
the Environment Agency Gauging Station (Gauge number 43,806),
which provided 15 min resolution stage height data using a Thistle
24R Incremental Shaft Encoder with a ﬂoat and counterweight. During
periods of modular ﬂow these data were used in conjunction with a
stage-discharge curve to calculate discharge (ISO 1100-2, 2010). How-
ever, during non-modular ﬂow, the stage heights are used alongside
15min velocitymeasurements from a second ultrasonic gauge to calcu-
late discharge using the velocity-area method (ISO 1088, 2007). In the
Sem at Prior's Farm, discharge data were collected using a Mace Flow
Pro to gain paired stage height and velocity measurements at 15 min
temporal resolution to which the velocity-area method was applied
(Lloyd et al., 2015b). The measurements were taken within a concrete
Fig. 1.Map showing the location of the two study catchments in the Hampshire Avon, where the black dots show the monitoring stations.
Table 1
Summary of catchment characteristics.
Wylye Sem
Monitoring location ST 858381 ST891284
Area (km2) 50.22 4.97
Average rainfall (mm)a,b 967 863
Base Flow Index (BFI)a 0.93 0.2
Elevation range (m A.S.L.)a 125–281 110–190
Average slope (°)a 5 2
Monitoring elevation (m A.S.L.)a 189 126
Geology Cretaceous Chalk,
Upper Greensand
Clays, greensand
Soil type Heavy, medium Heavy, medium,
chalk and limestone
Dominant land use Mixed Livestock
Arable (%)c 49 0
Improved pasture (%)c 30 77
Rough grazing (%)c 11 14
Woodland (%)c 3 6
Urban (%)c 7 3
a From (Robson and Reed, 1999).
b Average 1961–1990.
c Based on the ADAS land use database and for reference year 2010 (c.f. Comber et al.,
2008).
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section which meant that the cross-sectional area was stable. However,
during high ﬂow events, the stage height exceeds the height of the con-
crete structure and out of bank ﬂows occur. In these cases a weir equa-
tion was implemented to account for the additional water ﬂowing over
the concrete section.
Qi ¼ CdbH1:5i
where: Qi is the discharge at time point i (m3 s−1), Cd is the dimension-
less coefﬁcient of discharge, b is the weir crest breadth (m) and Hi is the
stage height (m) above the bridge at time point i. Cdwas set at 2.7 based
on typical values from published literature (Brater and King, 1976).
2.2.2. Water quality data
At both sites, a YSI 6-series sonde was used tomeasure turbidity op-
tically at 15 min resolution. The probes were cleaned and calibrated
once a month to reduce instrument malfunction and drift. In addition,
on the Wylye at Brixton Deverill, nitrate-N and total phosphorus (TP)
data were collected bankside at 30 min resolution. Nitrate-N data
were recorded using a UV optical sensor (Hach Lange Nitratax Plus
SC), which was calibrated every three months as recommended by the
manufacturer. TP was measured using a wet chemistry analyser (Hach
Lange Phosphax Sigma) which uses a colourimetric molybdate method
to measure all P compounds as orthophosphate after an acid phase di-
gestion is performed at high temperature and pressure. The instrument
was automatically calibrated once a day and the reagentswere renewed
once every threemonths, again in linewith the recommendations of the
manufacturer.
2.3. Quality control and uncertainty analysis
Before further investigation, analysis of all of the data sets was un-
dertaken to quantify the observational uncertainties. A full description
of the uncertainty analysis for discharge and nutrient data sets is pro-
vided in Lloyd et al. (2015b) but is described brieﬂy below.
2.3.1. Discharge uncertainty
In order to quantify the observational uncertainty in the discharge
data, the relationship between stage and calculated discharge at each
site was examined. A stable period of this curve was selected in winter
(where no or limited shifts in stage-discharge relationships between
storms were observed) so that structural changes in the relationship
due to seasonal differences in channel characteristics, such as vegetation
growth, were not included. Therefore, it was assumed that any noise in
the stage-discharge relationshipwas due to observational uncertainties.
A non-parametric local weighted scatterplot smoothing regression
(LOWESS) approach was applied to the stable section of the stage-
discharge, then a best-ﬁt rating curve was produced and uncertainty
bounds determined (Coxon et al., 2015). By examining the residuals
from this rating curve, a standard deviation of the residuals could be de-
rived for each stage height, allowing heteroscedasticity to be repre-
sented. The degree of autocorrelation in the residual time-series was
also examined, but the discharge errors were found in this case to be
random. The standard deviation and autocorrelation statistics were
then used in a simple 1st-order autoregressive model (Evensen, 2003;
Garcia-Pintado et al., 2013; Lloyd et al., 2015b) to simulate 100 itera-
tions of potential error time series (deﬁned as the error model hereaf-
ter), which were then added to the original discharge time series to
produce 100 deviate data sets. 100 resamples were used because the
10–90th percentiles of the distributions were found to be stable. These
100 data sets are used to represent observational discharge uncer-
tainties in all further analyses in this paper.
2.3.2. Water quality uncertainty
The observational uncertainties associated with the nutrient param-
eters (nitrate and TP) were quantiﬁed by comparing the measured
value from the instream sensor with a paired daily sample which was
analysed independently in the laboratory using standard digestion
and colorimetric analysis (see Lloyd et al. (2015b) for full details).
Only samples which were collected within 5 min of each other were
used to ensure a robust comparison. The uncertainties in the laboratory
samples were also tested using repeated analysis of standard solutions
spanning the observed concentrations and the error model was run
using variable standard deviations depending on concentration and no
temporal autocorrelation to produce 100 iterations of the laboratory de-
rived series. The sensor data were then paired and compared with all
100 iterations of the laboratory time series so that a combined uncer-
tainty was produced. Analysis of the residuals between the laboratory
and sensor data showed that they were homoscedastic (not shown),
i.e. the variance was not concentration dependent, and that they were
autocorrelated. The error model was run accordingly to produce 100 it-
erations of the sensor data for each of the 100 versions of the laboratory
data time series, creating 100,000 versions of the combined sensor data
sets, each of which were considered being equally probable. Therefore,
for consistency with the discharge data and because the 10–90th per-
centiles of the distributions were found to be stable after 100 iterations,
100 data sets were randomly sampled from the 100,000 produced.
These 100 sensor data sets are used in all further analyses in this study.
In the case of the turbidity, no independent data were available for
direct comparison so the variability of the measured turbidity (with in-
dividual values representing the average of ﬁve recordings per 15 min
time step) at times of unchanging discharge (usually baseﬂow condi-
tions) were used as the best estimate of observational uncertainty.
The errors were assumed to be homoscedastic. The residuals were cor-
related in time and so this informationwas used tomodel 100 iterations
of the errors and combinedwith the original time series to produce 100
iterations of the turbidity time serieswhich are used for all further anal-
yses reported here.
2.4. Storm analysis
For the purpose of this analysis, a storm was deﬁned as any hydro-
logical response to rainfall which resulted in a rising and falling limb
and where discharge increased by at least 20% of baseﬂow. Events
which had multiple peaks were classiﬁed as separate events so that
the water quality response to each could be quantiﬁed. The discharge
data for each storm period was extracted along with the nitrate-N, TP
and turbidity data for BrixtonDeverill, and turbidity in the case of Prior's
Farm. Water quality data were not available for all parameters and all
storm periods identiﬁed due to some gaps in the data records. However,
in total, the analysis was completed on 64 storms for nitrate-N, 41
storms for TP and 60 storms for turbidity at Brixton Deverill, and on
76 storms for turbidity at Prior's Farm over the two year monitoring pe-
riod. For each storm, the discharge was plotted against eachwater qual-
ity parameter to analyse for the presence and characteristics of
hysteresis during each event. A series of metrics were then calculated
to describe the storm event and the resultant hysteresis loop, including
shape and area. Full details of all the metrics calculated are detailed
below.
2.4.1. Storm characteristic metrics
Each storm was described by a number of variables which were
hypothesised as potential controls on the form of the measured water
quality response. The minimum, maximum and range of discharge
and the chemical parameters were calculated, along with event dura-
tion (days), and the average discharge in the 24 h preceding the
storm. A daily antecedent precipitation index was also calculated as a
simple assessment of catchment wetness, using the method described
by Saxton and Lenz (1967):
API j ¼ K API j1 þ P j1
 
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where j is the time step (days), P is the daily precipitation total (mm)
and K is a decay coefﬁcient. The value of K is primarily controlled by
evapotranspiration and, as a result, it was assumed that the value was
similar between the two ﬁeld sites. Saxton and Lenz (1967) suggested
a range of K values (0.86–0.98) depending on season and other site-
speciﬁc conditions. Due to a lack of robust evidence for deriving the
value for the speciﬁc evapotranspiration and soil characteristics of the
Hampshire Avon study catchments, the range of expected values
outlined by Saxton and Lenz (1967) was used in all of the analyses. In
addition to API, the rainfall total for the 24 h period preceding the
start of the storm event (mm) and the total event rainfall (mm) were
also calculated.
2.4.2. Storm response hysteresis metrics
The storm hysteresis loops were described by their size and shape
following the methods outlined by Lloyd et al. (2015a). The area inside
each loop was calculated for the raw data and for normalised data
where 0 is theminimumand 1 is themaximumdischarge/water quality
value for each individual stormevent. The loop shape (in terms of its fat-
ness) and direction were determined with the use of a hysteresis index
(HI). There are a number of indices which have been proposed to de-
scribe the shape and direction of hysteresis loops (e.g. Butturini et al.,
2008; Langlois et al., 2005; Lawler et al., 2006), however, a newmethod
is used herewhich improves themethodology (Lloyd et al., 2015a). This
uses the range of chemical data values between the rising and falling
limb at multiple percentiles of discharge rather than, for example, the
ratiomethodwhichwas initially proposedby Lawler et al. (2006) as fur-
ther analysis has shown that skew can be introduced into the results
using the latter method. A full discussion of the impact of the modiﬁed
methodology on index results can be found in Lloyd et al. (2015a). The
new index is calculated using storms which have ﬁrst been normalised
using the following equations:
Normalised Qi ¼
Qi  Q min
Q max  Q min
Normalised Ci ¼ Ci  CminCmax  Cmin
where: Qi/Ci is the discharge/turbidity at timestep i, Qmin/Cmin is the
minimum storm parameter value and Qmax/Cmax is the maximum
storm parameter value. The index is then calculated as follows:
HIQi ¼ CRL Qi  CFL Qi
where: HIQi is the index at percentile i of discharge (Q), CRL_Qi is the
chemical value on the rising limb at percentile i of Q and CFL_Qi is the
chemical value at the equivalent point in discharge on the falling limb.
The percentiles of discharge (Qi) are deﬁned by:
Qi ¼ k Q max  Q minð Þ þ Q max
whereQmax is the peak discharge,Qmin is the discharge at the start of the
event and k is the point along the loop where the calculation is being
made; in this case the index was calculated at every 5% of discharge,
therefore k= 0.05, 0.1…0.95. By taking this approach, the index better
represents the changing dynamics during a storm event yet still pro-
vides one value which can be compared easily between storms. The
simple index is easy to interpret; it produces a result between−1 and
1, where the larger the number the ‘fatter’ the loop and the sign of the
index illustrates the direction of the loop (+ = clockwise and − =
anti-clockwise).
In addition, nitrate-N and TP loads for each storm were calculated
using the paired 30min resolution discharge and nutrient observations.
Relationships between individual calculated storm characteristic
variables and the storm response hysteresis metrics were tested using
correlation analysis. The inﬂuence of variables in combination on the
hysteresismetricswas tested usingmultiple regression analysis. The ex-
amination of correlation plots between the variables provided no clear
evidence of non-linearities, therefore multiple linear regression was
deemed an appropriate technique. Care was taken to ensure that the
normality assumptions were met and any variables which were
strongly correlated were omitted from the analysis to satisfy the
multicollinearity assumption.
3. Results
3.1. Data uncertainty
The time series of discharge, nitrate-N, TP and turbidity for Brixton
Deverill for the two yearmonitoring period are shown in Fig. 2. The dis-
charge at Brixton Deverill is primarily groundwater driven resulting in a
hydrograph with a slow changing baseﬂow component with more
ﬂashy responses during storm events, potentially driven by near-
surface and overland ﬂow. The uncertainties in the discharge measure-
ments were heteroscedastic and ranged from±2.2–9.1% depending on
the stage height. The nitrate-N time series tended to mirror the river
ﬂow pattern, with peaks in discharge corresponding with dilution of
nitrate-N as the surface water input acted to dilute the relatively
nitrate-rich groundwater in the stream. The other notable feature in
the nitrate-N data collected at Brixton Deverill is the decrease in con-
centrationwhich occurred in June 2013, corresponding to the switching
on of stream support by the local water company during the dry sum-
mer period of that year. The decrease in concentration of nitrate-N in
the groundwater over this period is also supported by the fortnightly
grab samples collected as part of the Hampshire Avon DTC from the
borehole at Kingston Deverill 2.7 km upstream from Brixton Deverill,
where nitrate-N concentrations decreased from 7.4 mg L−1 to
6.4 mg L−1 between July 2013 and November 2013 (unpublished
data). Fig. 2b also shows the uncertainty bounds around the nitrate-N
data measured using the Nitratax sensor, with the error ranging from
0.35 and 0.41 mg L−1 (±5–33%). Fig. 2c and d shows that in contrast
to nitrate-N, TP and turbidity both show increases in their concentra-
tions during storm events which conﬁrms behaviours reported in ear-
lier research, cited above. The close agreement between TP and
turbidity (as a surrogate for sediment transport) responses has been
noted in many studies (see for examples: Evans et al., 2003; Evans
et al., 2004; Kronvang et al., 1997; Ramos et al., 2015). The uncertainties
in the TP sensor data were quantiﬁed as being between 0.098 and
0.11 mg L−1 (±7–204%). The uncertainty estimate for the turbidity
data at Brixton Deverill was ±0.9 NTU (0.2–180%).
Fig. 3 shows the discharge and turbidity time series for the Sem at
Prior's Farm. Compared with the chalk landscape of theWylye, because
the headwaters of the Sem are underlain with clay, the hydrograph dis-
plays ﬂashy storm responses to rainfall events and a stable but low
baseﬂow between storms. The uncertainties associated with the dis-
charge measurements in the clay were also higher than in the chalk
catchment, at ±7.8–25.5%. This is likely to be due to the higher sedi-
ment load transported in the water column in this clay catchment,
which can reduce velocity sensor performance (Nord et al., 2014), as
well as the low velocities experienced at the ﬁeld site. The turbidity
time series shows rapid response and recovery due to discharge events
similar to those observed in the Wylye. The uncertainties associated
with the turbidity measurements at Prior's Farm were quantiﬁed as
±1.5 NTU (0.1–1500%). The discharge and water quality parameter
time series and their associated uncertainties were then used to exam-
ine hysteresis in the systems on a storm-by-storm basis.
3.2. Storm nutrient behaviour
For each storm the loop area, hysteresis index and storm load (ni-
trate-N and TP only) were calculated. Given poor ratings between tur-
bidity and ﬁltered suspended sediment concentrations, storm period
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suspended sediment load data could not be calculated. A range of storm
characteristic variables were then used to explain the behaviour of each
of the measured water quality parameters. The results are summarised
below.
3.2.1. Nitrate hysteretic behaviour
A total of 64 storms were analysed for nitrate-N response, including
3 anti-clockwise events and 61 clockwise events. None of the storms
showed ﬁgure-of-eight behaviour, and all of the events the hysteresis
loops plotted from the top-left to bottom right due to the dilution of
nitrate-N on the rising limb of each storm event. Example normalised
nitrate-N loops for Brixton Deverill are presented in Fig. 4a. Fig. 5
shows how the loop area, hysteresis index (HI) and storm event load
vary through time. The average HI value varied between −0.09 and
0.47, with an average of 0.24 but with non-stationary variations in un-
certainty limits. The largest uncertainties tended to be observed for
small storms where discharge remained around or below 1 m3 s−1
and discharge uncertainties were high, this also corresponded to storms
where nitrate-N concentrations remained high as there was limited
dilution during the event, resulting in higher uncertainties in the
nitrate-N concentrations. Therewere no obvious seasonal trendswithin
the HI data for nitrate-N (see Fig. 5a), although the two events with the
largest negative value for the HI both occurred shortly after prolonged
dry periods. Analyses showed that the nitrate HI value had a moderate
positive correlation (correlation coefﬁcient b 0.4, p ≤ 0.05) with the
range of nitrate-N concentrations during the stormwith a negative cor-
relation with the minimum nitrate-N concentrations during the storm.
The HI was also correlated to a lesser extent (correlation
coefﬁcient b 0.3, p≤ 0.05) with the range in discharge and the duration
of the stormevent. Details are presented in Table 2. Examining the inﬂu-
ence of combinations of variables usingmultiple regression showed that
the range in discharge during the storm and the minimum nitrate-N
concentration combined were able to explain 47% of the variance in
the HI (p = ≤0.001).
Storms at Brixton Deverill showed an average nitrate-N hysteretic
loop area of 0.28, with values ranging from 0.01 to 1.22 over the two
year period (Fig. 5b). The uncertainty analysis showed that the largest
uncertainties were observed for the largest discharge events. As with
Fig. 2. Plots showing a two year time series of a) discharge, b) nitrate-N, c) TP and d) turbidity for the River Wylye at Brixton Deverill. Grey areas represent data uncertainty (10th–90th
percentiles). Dashed boxes highlight expanded sections which are inset.
Fig. 3. Plots showing a two year time series of a) discharge and b) turbidity for the River Sem at Prior's Farm. Grey areas represent data uncertainty (10th–90th percentiles). Dashed boxes
highlight expanded sections which are inset.
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the HI results therewere no clear seasonal trends in loop area, although
the largest loop areas tended to be associatedwith thehighest discharge
peaks, especially after drier antecedent periods. This is supported by the
correlation analysis which showed that loop area was positively corre-
lated with the range of discharge during the event (coefﬁcient 0.85,
p ≤ 0.05). Loop area was also positively correlated with the range of
nitrate-N concentrations during the storm along with the minimum
nitrate-N concentration (negatively). The loop area was also shown to
be related to the stormduration and themaximumdischarge value dur-
ing the storm.Multiple regression analysis revealed that 49% of the var-
iance in loop area (p≤ 0.001) could be explainedwith a combination of
storm duration, themaximum discharge during the storm and the time
elapsed since the previous storm event.
The storm loads at Brixton Deverill ranged from 57 kg N to
1911 kgN, with an average of 80 kgN transported per storm. In general,
the storm nitrate-N loads mirrored the discharge behaviour, the largest
nitrate loadswere associatedwith the biggest discharge events (Fig. 5c).
Like the loop area the largest uncertainties in the storm load were also
observed for the larger discharge events. Over the monitoring period
this meant that the largest nitrate loads were observed during the win-
ter and spring. Correlation analysis (Table 2) showed that the total
event nitrate load was strongly and positively (correlation
coefﬁcient N 0.6, p ≤ 0.05) related to the maximum storm discharge,
minimum storm discharge and the mean discharge 24 h before the
start of the event. Multiple regression analysis showed that maximum
discharge during each storm along with storm duration and time since
the previous storm could explain 68% of the variance (p ≤ 0.001) in
the nitrate load data.
The correlations between the HI, the storm load and loop area were
also tested. There was no signiﬁcant correlation between the HI and the
loop area, and there was a weak correlation between HI and the storm
load (mean coefﬁcient −0.3), however only 32% of repeat datasets
were signiﬁcant (p ≤ 0.05). The analysis also showed that there was
no signiﬁcant relationship between the loop area and the storm load.
3.2.2. Total phosphorus hysteretic behaviour
Data were available to analyse 41 storms for total phosphorus trans-
port in the Wylye at Brixton Deverill, of which 35 exhibited anti-
clockwise behaviour and 6 storms clockwise behaviour. Examples of
TP hysteresis loops at Brixton Deverill (directly comparable with the
storms presented in Fig. 4a for nitrate-N) can be seen in Fig. 4b. While
the hysteretic behaviour was generally more complex compared with
nitrate-N, only 6 of the storms exhibited ﬁgure-of-eight behaviours
and all of the storms resulted in an increase in TP concentrations on
the rising limb of the hydrograph. Fig. 6a shows the results of the H
index calculations for each storm. The minimum value was−0.65 and
the maximum 0.21, with an average of−0.24. The uncertainty analysis
showed that the widest uncertainty bounds around the HI values were
for small storms where the percentage discharge uncertainty was high.
The data show that aswell asmore stormsdisplaying anti-clockwise be-
haviour, the strength of the hysteresis was also stronger. The time series
also showed that clockwise hysteresis generally occurred during the
ﬁrst sizable event after a dry period. Two of the cases of clockwise be-
haviour were also ﬁgure-of-eight where for more than half of the
storm the hysteresis was clockwise. The other cases of ﬁgure-of–eight
behaviour all followed larger clockwise storms, reﬂecting a changing re-
lationship between discharge and TP transport during each event. The
causal mechanisms for explaining the H index behaviour was much
more difﬁcult to ascertain for the TP behaviour. None of the tested var-
iables showed signiﬁcant correlations with H index (see Table 3), how-
ever, the multiple regression modelling showed that the mean
discharge 24 h before the event (which as correlatedwith theminimum
discharge during the storm) could explain 58% of the variance in the H
index data (p≤ 0.001), suggesting that the timing of the storm relative
to other eventswas one of themain drivers for the hysteretic behaviour.
This may reﬂect the exhaustion of proximal sources and in-channel P
stores in prior events, with activation of sources more distant from the
stream in combination with the steady discharge of P from proximal
point sources in such events.
Fig. 6b shows a time series of the TP loop area measured for each of
the storms. The minimum loop area was 0.002 and the maximum 0.35,
with an average of 0.05. The largest uncertainty bounds were observed
for large stormswhere both discharge and TP uncertainty played a role.
In general, the largest loop areas tended to be associatedwith the largest
discharge events or after drier periods, and therefore coincidedwith the
clockwise and the ﬁgure-of-eight hysteretic patterns. The TP loop areas
were signiﬁcantly correlated with range of discharge during the event,
the maximum discharge (although these are correlated with each
other) and the range of TP values during each event (coefﬁcients 0.79,
0.73 and 0.77 respectively, p ≤ 0.05), suggesting that the relative mag-
nitude of the storm is an important control alongside the timing of the
event. These ﬁndings are also supported by the multiple regression re-
sults which showed that a combination of the range of discharge during
the event and the time since the last storm occurred could explain 68%
of the variance in the TP loop area data (p≤ 0.001). The TP load during
each stormwas also calculated and, the results can be seen in Fig. 6c. The
analysis showed that the minimum TP event load was 14 kg and the
maximumwas an order of magnitude higher at 127 kg, with an average
TP event load of 33 kg. The largest uncertainty bounds were observed
for large storms or for storms occurring after drier periods, i.e. where
the TP concentrationswere high. Aswith thenitrate-Ndata, the time se-
ries shows that the magnitude of the TP load mirrored the discharge,
with the largest TP loads recorded during the highest magnitude dis-
charge events. The correlation analysis showed that themost important
controls on the TP load were the range of discharge during the event
(0.84), maximum discharge (0.71), maximum TP (0.56) and the range
of TP concentrations (0.51) (all p≤ 0.05). Themultiple regression anal-
ysis showed that a combination of the storm duration, the range in dis-
charge and theminimum TP concentration could account for 95% of the
variance in the TP load data (p ≤ 0.001).
The examination of the correlations between the storm hysteresis
metrics measured showed that there was a weak positive relationship
(coefﬁcient = 0.4) between the HI value and the storm load, however
only 58% of the distribution of values were statistically signiﬁcant (p ≤
0.05). Likewise there was no signiﬁcant relationship between the HI
value and the loop area. However, there was a signiﬁcant positive rela-
tionship between the loop area and the storm load (coefﬁcient = 0.59,
p ≤ 0.05 for 100% of the distribution).
3.2.3. Turbidity hysteretic behaviour
A total of 60 stormswere tested for hysteresis behaviour of turbidity
for the Wylye at Brixton Deverill, for examples see Fig. 7a. The analysis
showed that 37 of the storms demonstrated anti-clockwise hysteresis
and 23 were clockwise. The turbidity data showed the most complex
hysteretic behaviour when compared with the nutrient chemistry,
with 25 of the storms exhibiting ﬁgure-of-eight behaviour. The time se-
ries of H index values is shown in Fig. 8a, and shows that the clockwise
hysteresis was associated with the largest storm events or smaller
storms which occur after periods of lower discharge. The minimum
value for the H index was−0.65 and the maximum 0.21, with an aver-
age of −0.24, showing that the although 38% of the storms showed
clockwise hysteresis, the strength of the hysteresis wasweak compared
with the anti-clockwise behaviour which produced much wider loops.
The most uncertainty again was associated with the smaller storms
where the percentage uncertainty was greatest for both discharge and
turbidity values. This also meant that over a series of storms the
Fig. 4. Plots showing example normalised hysteresis loops for a) nitrate-N and b) TP for storms at Brixton Deverill. The boxes represent the 10th–90th percentiles of the uncertainty as-
sociated with the discharge and the nutrient data.
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uncertainty range increased due to reducing turbidity values and there-
fore higher percentage uncertainties. Correlation analysis (Table 4)
showed that both the turbidity and discharge characteristics during
the storm were equally important, displaying similar correlation coefﬁ-
cients (0.51 and 0.48 for range in discharge and turbidity respectively,
p ≤ 0.05). This is supported by the multiple regression analysis which
highlighted that the maximum discharge, range in discharge and the
maximum turbidity value could be used in combination to explain
74% of the variance in the H index values (p ≤ 0.001).
The loop areawas also calculated for each of the storms and is shown
in Fig. 8b. Theminimum loop areawas calculated as 0.002 and themax-
imum as 263, with an average value of 20.6. The uncertainty range was
generally low for loop area, although unlike the HI values, discharge un-
certainty appeared to dominate and therefore the largest ranges were
seen for the storms with the highest discharge. The majority of the
loops showed small areas (below 50) with the higher values occurring
in eight of the storms, all of which corresponded with the largest clock-
wise hysteresis and occurred when there was an abrupt change in the
discharge and fewpreceding storm events. The loop area showed strong
correlations (coefﬁcient N 0.7) with both the range and maximum
turbidity values, but only with the range in discharge values, suggesting
that the relative change in dischargewasmore important than the abso-
lutemagnitude of the storm. Therewere alsomoderate positive correla-
tions with maximum discharge and the duration of the storm
(coefﬁcients of 0.48 and 0.46 respectively). Multiple regression analysis
showed that a combination of maximum discharge and maximum tur-
bidity during the storm event could explain 64% of the variance in
loop area. As with the other parameters measured at Brixton Deverill
there was no signiﬁcant correlation between HI and loop area.
Turbidity data were also analysed for the surface water dominated
clay catchment of the Sem at Prior's Farm, allowing a direct comparison
with the data generated for the groundwater dominated chalk catch-
ment of theWylye at Brixton Deverill. Examples of the hysteresis in tur-
bidity at Prior's Farm can be seen in Fig. 7b. A total of 76 storms were
investigated over the two year monitoring period and in stark contrast
to the chalk site, 69 of the storms exhibited clockwise hysteretic behav-
iour, with only 7 anti-clockwise, suggesting that the timing of in-
channel sediment transport between the two systems was different.
There were also fewer storms showing ﬁgure-of-eight behaviour com-
pared with the chalk system. The H index data for turbidity at Prior's
Fig. 5. Plots showing time series of a) H index, b) loop area, and c) loop load for nitrate-N at BrixtonDeverill. Error bars represent the 10th–90th percentile range of the values gained from
the 100 resampled storms.
Table 2
Results of correlation analysis for each of the 10,000 resampled stormnitrate data at BrixtonDeverill, showing themaximum,minimumandmodal correlation coefﬁcients and the number
of resampled data sets where the p-value was signiﬁcant (b0.05).
H index Loop area Storm load
Min Max Mode Signiﬁcant Min Max Mode Signiﬁcant Min Max Mode Signiﬁcant
Duration 0.23 0.48 0.3 9600 0.43 0.64 0.59 10,000 0.36 0.45 0.36 10,000
Max Q −0.27 0.26 0.25 311 0.41 0.63 0.53 10,000 0.71 0.80 0.77 10,000
Min Q −0.32 0.23 0.024 3139 0 0.61 0.7 0.67 10,000
Range Q 0.23 0.52 0.387 9927 0.74 0.91 0.85 10,000 0.38 0.54 0.47 10,000
Max NO3 −0.34 0.23 −0.1 330 −0.35 −0.23 −0.25 4092 −0.43 −0.23 −0.34 9998
Min NO3 −0.53 −0.23 −0.42 9998 −0.87 −0.7 −0.78 10,000 −0.45 −0.31 −0.39 10,000
Range NO3 0.26 0.59 0.44 10,000 0.7 0.87 0.78 10,000 0.23 0.31 0.23 4504
Mean Q 24 h −0.32 −0.23 −0.27 3501 0 0.57 0.68 0.62 10,000
API 0 0 0.48 0.58 0.52 100
Time last storm 0 0.21 0.36 0.23 8900 −0.24 −0.21 −0.24 4500
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Farm showed amaximum index of 0.59 and aminimum of−0.17, with
an average of 0.23 (Fig. 8c). This is also different from Brixton Deverill,
where the widest hysteresis loops were clockwise in their direction
and those storms which showed anti-clockwise behaviour had low
values of the index. The uncertainties surrounding the HI values were
generally larger compared with those calculated from Brixton Deverill,
this is due to increased uncertainties in both the measurement of dis-
charge and turbidity at Prior's Farm. However, similar to Brixton
Deverill the highest uncertaintieswere observed for the smallest storms
where the percentage uncertainty was greatest for both discharge and
turbidity. Unlike the chalk system there were some signiﬁcant correla-
tions between the H index values and the explanatory variables
(Table 5). The strongest correlations with H index were the maximum
turbidity andmaximum discharge (coefﬁcients of 0.59 and 0.49 respec-
tively, p≤ 0.05). The multiple regression analysis highlighted the range
in discharge and the maximum turbidity as controls over the H index.
However, no combination of explanatory variables could improve the
regression r2 value above 0.32 (p ≤ 0.001).
The minimum turbidity loop area was 6.21, larger than that for
Brixton Deverill, although the maximum was similar between the two
ﬁeld sites at 265 (Fig. 8d). The average loop areaswere also comparable
at 20.99. The largest uncertainties again were linked to the largest dis-
charge or turbidity values. Like many of the other variables, the larger
loop areas coincided with the highest discharge events and with strong
clockwise hysteretic patterns. The strongest correlations between tur-
bidity event load and the explanatory variables were with the maxi-
mum and range in both discharge and turbidity (coefﬁcients all N0.8,
p ≤ 0.05). There was also a weak correlation between loop area and
the duration of the storm (0.28, p≤ 0.05). Despite the lower correlation
for the Prior's Farm site compared with the analysis at Brixton Deverill,
the duration of the storm was shown to be an important variable in
combination with the range in discharge and the maximum turbidity
values during the event (r2 = 0.77, p ≤ 0.001), suggesting that the
length of the storm is a signiﬁcant control on sediment mobilisation
and transport in this river. Unlike turbidity at Brixton Deverill, HI and
loop areawere signiﬁcantly linked at Prior's Farm,with a correlation co-
efﬁcient of 0.33 and p ≤ 0.05 for 100% of the distribution tested.
4. Discussion
4.1. Controls on nitrate-N transport
The transport of nitrate-N during storm events in the River Wylye
was shown to be primarily controlled by the interaction between
groundwater and surface water inputs to the stream. All of the storm
events consistently resulted in dilution of nitrate-N concentrations
with the input of rainfall and surface runoff. This type of response has
been widely reported for other agricultural watersheds (Bowes et al.,
2015; Ferrant et al., 2013). However, this is in contrast to other ground-
water dominated systemswhich have shown amixture of both dilution
and concentration events during periods of high rainfall (Huebsch et al.,
2014; Webb and Walling, 1985). The speciﬁc response depends on the
availability of nitrate from proximal sources accumulated in fertilised
agricultural soils, in the near-stream unsaturated zone, or in the
hyporheic zonewhere rapid ﬂushing of nitrate-rich soil and groundwa-
ter can occur at the start of the storm. However, it should be noted that
previous published data from a similar location on the RiverWylye dur-
ing 2010–2011 showed that there was, in fact, a positive relationship
between the daily nitrate-N concentrations and discharge, suggesting
that storm events could be producing lagged pulses of nitrate-N into
the stream as delayed throughﬂow arrived in stream from groundwater
sources (Yates and Johnes, 2013). The average nitrate-N concentrations
at Brixton Deverill reported by Yates and Johnes (2013) was
6.39mg L−1, with concentrations only reaching 7mg L−1 duringwinter
and spring months, with data reported for a relatively dry water year.
These concentrations are generally lower than those observed during
2012–2014, with wetter water years, where concentrations were in
the range 7–8 mg L−1 during baseﬂow periods. There is also no longer
a strong seasonal change in the nitrate-N concentrations compared
with the 2010–2011 period. This is potentially due to the differences
in the hydrological regime between the two time periods. The largest
discharge during the 2010–2011 period was 0.5 m3 s−1 compared
with N2 m3 s−1 during the 2012–2014 period. There was no evidence
to suggest that there had been any signiﬁcant changes in land use or
farming practices during the study period to account for these changes,
Fig. 6. Plots showing time series of a)H index, b) loop area, and c) loop load for TP at BrixtonDeverill. Error bars represent the 10th–90th percentile range of the values gained from the 100
resampled storms.
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supporting the theory that the changes were driven be hydro-
meteorological conditions. Marked inter-annual differences in
hydrochemical ﬂux behaviours and both nutrient and sediment load
transport due to changes in the hydrological regime have been reported
previously in the literature (e.g. Borah et al., 2003; Davis et al., 2014;
Heathwaite and Johnes, 1996; Prior and Johnes, 2002). For example,
Davis et al. (2014) compared nitrate ﬂuxes in an agricultural catchment
between wet and dry years and showed that antecedent conditions
were important and determined thedominantﬂowpathways operating
and therefore the storm nitrate concentrations.
In this more detailed analysis of storm driven nitrate-N ﬂux in the
Wylye chalk catchment, both the H index and the loop area were
shown to be inﬂuenced by the maximum discharge during the events
and the H index also by the minimum discharge. This indicates that
the range of discharge during the storm acts to widen the hysteresis
loop, due to a change in the lag between the peak in discharge and the
minimum nitrate-N concentration. Unlike any of the other chemical pa-
rameters studied in this paper for Brixton Deverill, nitrate-N hysteresis
was also linked with the duration of the storm. This illustrates that the
transport of nitrate-N in this case is relatively straightforward, suggest-
ing that the longer the storm, the more nitrate-N is transported, as ni-
trate rich soil and groundwater is ﬂushed to the stream along
throughﬂowand groundwaterﬂowpathways present in this permeable
catchment. In addition, there was a link between nitrate-N loop area,
storm nitrate-N load and the time since the last storm occurred,
shown by the multiple regression analysis. This showed that narrower
loops were produced when storms occurred temporally close together,
probably because the concentrations had not fully recovered to their
baseline values before the onset of the next event, and available near-
stream proximal sources had been ﬂushed during the previous storm.
4.2. Controls on TP transport
In comparison with nitrate-N, TP transport in the Wylye at Brixton
Deverill was shown to bemuchmore complex. The stormevents consis-
tently produced pulses of TP to the stream in associationwith increasing
discharge, highlighting that the main source of the TP was probably
from surface or near surface quickﬂow pathways, rather than from
groundwater ﬂow through the hyporheic zone. This is also supported
by data collected from a nearby groundwater borehole at Kingston
Deverill which showed a mean annual TP concentration of
0.19 mg L−1, which is similar to the average baseline concentrations
in the River Wylye under baseﬂow conditions. The mean storm maxi-
mum concentration observed in this study was 0.4 mg L−1. The correla-
tion analysis showed no clear links between any of the explanatory
variables and the H index. Only the minimum discharge during the
event, which was correlated with the mean discharge 24 h before the
start of the eventwas highlighted as important through themultiple re-
gression analysis. This suggests that antecedent conditions are impor-
tant in controlling TP ﬂux during storm events, though stream
discharge was more important than antecedent rainfall patterns
(assessed using API). This is in direct contrast to data collected for a
groundwater inﬂuenced stream in Cumbria, where similar analysis
showed that the magnitude of hysteresis was primarily controlled by
antecedent rainfall conditions (Bieroza and Heathwaite, 2015). A simi-
larﬁndingwas previously reported for the Enborne, UK, which is a com-
parable chalk stream to the Wylye, where a higher TP ﬂux in storm
events occurred when dry antecedent conditions were observed in the
catchment. This was attributed to the re-suspension of P-rich ﬁne-
grained bed sediment that had accumulated within the channel during
summer low ﬂows periods (Evans and Johnes, 2004). The authors also
noted that in the Enborne catchment, events characterised by dry ante-
cedent conditions caused higher P transport ﬂuxes than events with
higher magnitude ﬂows, a ﬁnding recently reported for ephemeral
streams in southern Portugal in a recent paper by Ramos et al. (2015).
The capacity of channel ﬁne-grained bed sediment to constitute an im-
portant store of P liable to remobilisation during storm events has been
noted by previous work (e.g. Ballantine et al., 2006; Ballantine et al.,
2009; Collins et al., 2005; Davide et al., 2003; House and Denison,
1997; Jarvie et al., 2005; Walling et al., 2003). In the Wylye, the TP
loop area was strongly related to discharge characteristics during the
storm and the time since the last storm. Bieroza and Heathwaite
(2015) showed that the direction of the hysteresis loop was controlled
by seasonal variations in ﬂowor changes in temperature controlling nu-
trient cycling in-stream. Data from Brixton Deverill showed that the
hysteresis wasmore strongly controlled by shorter-term changes in dis-
charge. This effect can be examined by looking in more detail at a series
of storms and observing how the hysteresis patterns vary. Fig. 9 shows a
series of 4 stormswhich occurred during November 2012 after a period
of approximately two weeks with no rainfall or storm discharge events.
The ﬁrst of the storms exhibited clockwise hysteresis behaviour (H
index= 0.11), illustrating a relatively rapid ﬂushing of available TP po-
tentially due to the remobilisation of deposited ﬁne-grained bed sedi-
ments during the lower ﬂow period (Ballantine et al., 2009; Dorioz
et al., 1998; Evans and Johnes, 2004). The second and third storms in
the succession show ﬁgure-of-eight behaviours, where the ﬁrst section
of the storm shows anti-clockwise behaviour, before switching to clock-
wise behaviour later in the event. This causes a decrease in the H index
value to 0.04, then 0.03 showing that there is an increasing lag between
the peak in discharge and the peak in TP during the storm. This is indic-
ative of a longer transit time between the source of TP and the arrival in-
stream. This is supported by the fourth storm in the series, which has
switched to anti-clockwise behaviour for the whole storm (H
index =−0.2), suggesting a longer transit time again for the TP pulse
to reach the monitoring location. This pattern can be observed during
other similar periods of discharge events following periods of lower
ﬂow and has also been reported elsewhere (Bowes et al., 2005). It is
likely that the hysteretic affects are mainly driven by the relative con-
nectivity of P sources in the catchment to the stream system,with deliv-
ery primarily controlled by the transport of P-rich sediment from land to
Table 3
Results of correlation analysis for each of the 10,000 resampled storm total phosphorus data at Brixton Deverill, showing the maximum, minimum andmodal correlation coefﬁcients and
the number of resampled data sets where the p-value was signiﬁcant (b0.05).
H index Loop area Storm load
Min Max Mode Signiﬁcant Min Max Mode Signiﬁcant Min Max Mode Signiﬁcant
Duration −0.59 −0.30 −0.38 2400 0.30 0.55 0.38 9800 0.29 0.37 0.29 1000
Max Q 0.30 0.40 0.30 706 0.3 0.54 0.40 10,000 0.51 0.82 0.71 10,000
Min Q 0.30 0.40 0.32 976 0 0
Range Q −0.46 −0.30 −0.31 605 0.64 0.90 0.785 10,000 0.72 0.93 0.84 10,000
Max TP −0.53 −0.30 0.31 2017 0.49 0.87 0.73 10,000 0.38 0.66 0.56 10,000
Min TP 0.30 0.64 0.31 1182 0.29 0.45 0.3 419 0.29 0.58 0.42 9043
Range TP −0.53 −0.30 −0.33 3869 0.57 0.83 0.77 10,000 0.36 0.62 0.51 10,000
Mean Q 24 h 0.30 0.40 0.32 874 0 0
API 0.31 0.46 0.39 13 0 0
Time last storm 0 0.30 0.55 0.3 9700 0
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water. Daily lab data from Brixton Deverill show that particulate P
makes up approximately 20% of the TP signal (the rest being 30% soluble
unreactive P and 50% phosphate-P), but that over 80% of P transport at
peak ﬂow in storm events is in the form of particulate P. This reﬂects
the activation of P-rich ﬁne-grained sediment transport via quickﬂow
pathways including erosion of fertilised arable soils and subsequent de-
livery of mobilised P-enriched sediment along tramlines and via ﬁeld
drains, and rapid ﬂow from agricultural yards, along roads and
unmetalled agricultural tracks linking land to stream in these
landscapes. The capacity of runoff along road networks to mobilise par-
ticulate P from roadside verges damaged by passing vehicles and by
livestock trampling (e.g. due to daily movements between ﬁelds and
milking parlours) is also a contributing factor here (cf. Collins et al.,
2010a).
This storm pattern is also seen in the turbidity data (see below),
supporting the notion that it is the particulate P fraction causing the
change in the hysteretic behaviour. In a similar study on the River
Enborne, UK, a clay river with chalk headwaters, Bowes et al. (2015)
Fig. 7. Plots showing example normalised hysteresis loops for turbidity at a) Brixton Deverill and b) Prior's Farm. The boxes represent the 10th–90th percentile range of the uncertainty
associated with the discharge and turbidity data.
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observed that during higher discharge conditions the majority of the
total reactive P (TRP) load was probably derived from within channel
remobilisation of bed sediments. Bowes et al. (2015) state that this is
likely to be originally derived from outputs from sewage treatment
works, though this contradicts earlier ﬁndings by Evans et al. for the
same river in an earlier high resolution analysis of phosphorus and sed-
iment transfer dynamics from catchment phosphorus and sediment
sources through the water column, and bed sediments of the Enborne
(Evans and Johnes, 2004; Evans et al., 2004). In the River Wylye, it is
likely that the TP rich material is derived from a combination of erosion
of P rich soils from surrounding intensive mixed arable land or from P
sorbed to stream-bed sediments, originating from seepage from septic
tanks, of which there are a signiﬁcant number in close proximity to
the stream reach upstream from Brixton Deverill. Previous work in per-
meable catchments similar to the River Wylye by Evans et al. (2003);
Collins and Walling (2007a) and Collins and Walling (2007b) has
underscored the propensity for ﬁne-grained sediment delivered to the
river channel from a variety of sources to undergo channel bed storage
during its transit through the channel network. Such bed material un-
dergoes storage and remobilisation in tandem with patterns of runoff
and channel discharge, providing an important mechanism for the stor-
age, remobilisation and downstream transport of sediment-associated
nutrient fractions such as phosphorus from both point and diffuse
catchment sources.
4.3. Controls on sediment transport
Using turbidity as a surrogate for sediment it was possible to infer
the potential controls on sediment transport in both a chalk dominated
environment as well as a surface water-dominated clay system. Both
catchments exhibited peaks in turbidity during storm events in every
case, but the timing and characteristics of the hysteresis differed
Fig. 8. Plots showing time series of a), c) H index, b), d) loop area for turbidity at Brixton Deverill and Prior's Farm. Error bars represent the 10th–90th percentile range of the values gained
from the 100 resampled storms.
Table 4
Results of correlation analysis for each of the 10,000 resampled storm turbidity data at BrixtonDeverill, showing themaximum,minimumandmodal correlation coefﬁcients and the num-
ber of resampled data sets where the p-value was signiﬁcant (b0.05).
H index Loop area
Min Max Mode Signiﬁcant Min Max Mode Signiﬁcant
Duration 0.24 0.27 0.24 500 0.39 0.56 0.46 10,000
Max Q 0.24 0.32 0.25 7379 0.41 0.54 0.48 10,000
Min Q −0.21 0
Range Q 0.42 0.55 0.51 9100 0.62 0.85 0.79 10,000
Max turbidity 0.42 0.57 0.50 9100 0.71 0.88 0.82 10,000
Min turbidity 0.34 0.50 0.43 9100 0.23 0.24 0.23 21
Range turbidity 0.40 0.55 0.48 9100 0.71 0.89 0.83 10,000
Mean Q 24 h −0.27 −0.24 −0.24 167 0
API 0 0
Time last storm 0 0.26 0.26 0.26 100
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between the chalk and the clay catchments. The chalk catchment
showed similar behaviour compared with that described for TP above,
where the discharge characteristics played an important role in
suspended sediment response. Short-term discharge dynamics affected
the direction and strength of the hysteretic behaviour, as can be ob-
served in Fig. 7. For the same four storms described above for TP trans-
port, the HI values for turbidity were 0.33, 0.23, 0.2 and−0.03, where
the middle two storms were again ﬁgure-of-eight. The following two
storms showed stronger anti-clockwise hysteresis, with the H index
values decreasing to −0.32, then −0.5 as the next two smaller dis-
charge events affect the catchment. After a period of approximately
4 days of hydrograph recession a larger storm occurs and results again
in a strong clockwise hysteresis event. This suggests that the larger
event was able to either remobilise ﬁne-grained channel bed sediment
(cf. Bogen, 1980; Costa, 1977; Wood, 1977) which had been deposited
during the recession period (cf. Gellis, 2013) and/or erode a source of
sediment which was very close to the monitoring location. The impor-
tant contribution of remobilised channel bed sediment to suspended
sediment ﬂuxes has been reported for lowland permeable catchments
in the UK by a wide range of authors (see for example: Collins and
Walling, 2006; Evans et al., 2004; Walling and Amos, 1999). Within
the River Wylye landscape, a number of potential sediment sources
were noted to be proximal to the monitoring station at Brixton Deverill
and which would thereby potentially explain the observed pattern
noted above. These proximal sources included arable soils with tram-
lines providing elevated connectivity betweenﬁelds and delivery routes
such as roads to the channel network (cf. Collins et al., 2013), eroding
unmetalled farm tracks (cf. Collins et al., 2010b) and poached channel
banks (cf. Collins et al., 2013; Walling et al., 2008). Compared with the
other nutrient parameters the correlation analyses showed that the tur-
bidity parameters were important alongside the discharge parameters
for predicting hysteresis behaviour. The multiple regression analysis
showed that the range in discharge along with the maximum turbidity
could be used to predict the magnitude of the H index. The relative
change in discharge is important for the potential for sediment trans-
port, as a large change means either an increase in the erosive power
of the stream, or the period before was relatively low ﬂow and a supply
of sedimentwas therefore either deposited andwill thus be available for
re-suspension, or that the availability of sediment in various sources in-
creased due, for example, to the action of subaerial weathering pro-
cesses during the drier spell. This evidence suggests therefore that the
ﬁne-grained suspended sediment transport regime at Brixton Deverill
is supply-limited and thereby typical of UK rivers more generally
(Walling and Webb, 1987).
The hysteretic behaviour of turbidity on the River Sem, on the clay
catchment is, however, different. The vast majority of the storms re-
sulted in clockwise hysteresis, regardless of season or size of storm. As
for Brixton Deverill, both the range in discharge and the turbidity char-
acteristics were important, but in addition so was the duration of the
storm. This type of behaviour has been reported elsewhere, for example,
Jiang et al. (2010) observed during storm events in Japan that
suspended sediment always showed clockwise hysteresis patterns,
compared with nitrate-N and other dissolved components where the
type of hysteretic behaviour depended upon antecedent conditions.
The continual clockwise hysteresis even during a series of four or ﬁve
storms over a period of a week suggest that in this surface water-
dominated clay catchment, there was an unlimited supply of ﬁne-
grained sediment available for mobilisation and subsequent transport
to, and through, the stream during storm events, probably from multi-
ple (surface and subsurface) sources in the catchment. In general, the
larger the discharge peak the higher the turbidity, resulting in a larger
clockwise hysteresis loop. It appears that the transport regime in the
clay can be described as transport-limited, i.e. if there is ﬂow which is
able to transport ﬁne-grained sediment, there will be a readily available
supply of sediment to be transported; antecedent conditions here are
therefore not so important. A number of potential sediment sources
were observed during catchment walkover surveys in the River Sem
study area, the most important of which concerned kilometres of bare,
re-worked channel banks (up to 1.5 m high) following a major stream
bank fencing programme jointly funded by the Catchment Sensitive
Farming initiative and the farmers. These channelworks left the channel
margins completely prone and susceptible to erosion and sediment
mobilisation and delivery due to the negligible transport distances to
the river (cf. Collins and Walling, 2004). Although ﬁeld walks in the
Sem catchment highlighted the bare re-worked channel banks as the
most likely explanation of the dominance of clockwise hysteresis in
the turbidity records, it is noted that clockwise behaviour has been at-
tributed to alternative processes in previous studies including the ex-
haustion of either surface (Doty and Carter, 1965) or subsurface
(Carling, 1983) sediment sources and reductions in surface soil detach-
ment arising from the cessation of effective precipitation (Novotny,
1980). In the case of the study reported here, however, the channel
bank works provided the most likely explanation of the clockwise tur-
bidity loops.
4.4. Uncertainty analysis
Thework presented here provides one of theﬁrst studies to examine
hysteresis analysis within an uncertainty framework. The results high-
light the importance of incorporating observational uncertainty esti-
mates in the calculation of the H index. There are a proportion of the
values that have uncertainty estimateswhich span frompositive to neg-
ative values, representing either clockwise or anti-clockwise hysteresis.
The largest uncertainties in the H index values were associated with
storms where discharge was low. Due to the normalisation before the
calculation of the index the uncertainty represents the percentage un-
certainty which is large at low discharges compared with the absolute
values. Conversely, the largest uncertainly bounds for the loop area
and the storm load were observed during the storms with the highest
discharges as the absolute values are used in the calculation. It is there-
fore important to consider the method used for the calculation of the
metrics when interpreting the results. The impact of observational un-
certainty on the calculation of annual nutrient loads in catchments has
already been discussed in detail in Lloyd et al. (2015b), but results
from this study support the conclusion that it is important to consider
the uncertainties when calculating nutrient loads whether over a single
storm, a whole season or a year. By carrying out uncertainty analysis as
part of the analytical framework it is possible to produce results which
are more statistically sound and produce robust conclusions.
5. Conclusions
The use of high temporal resolution 15 or 30 min hydrological and
hydrochemical data in this paper has allowed a detailed analysis of nu-
trient and ﬁne-grained sediment transport to streams of contrasting
Table 5
Results of correlation analysis for each of the 10,000 resampled storm turbidity data at
Prior's Farm, showing the maximum, minimum and modal correlation coefﬁcients and
the number of resampled data sets where the p-value was signiﬁcant (b0.05).
H index Loop area
Min Max Mode Signiﬁcant Min Max Mode Signiﬁcant
Duration 0 0.23 0.36 0.28 10,000
Max Q 0.42 0.61 0.49 10,000 0.79 0.89 0.83 10,000
Min Q 0.22 0.30 0.23 762 0.21 0.38 0.27 8861
Range Q 0.44 0.65 0.55 10,000 0.83 0.91 0.87 10,000
Max turbidity 0.50 0.71 0.59 10,000 0.74 0.83 0.80 10,000
Min turbidity 0.22 0.33 0.24 3489 0.34 0.49 0.42 10,000
Range turbidity 0.50 0.70 0.59 10,000 0.74 0.83 0.81 10,000
Mean Q 24 h 0.22 0.23 0.22 13 0.21 0.33 0.22 3654
API 0 0
Time last storm 0 0
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hydrogeological and landscape character under stormﬂow conditions.
The detailed uncertainty analysis incorporated in this work has allowed
us, for the ﬁrst time, to assess the quality of the data available, cascading
this uncertainty information through the analysis presented herein.
Hysteresis analysis is a valuable tool for assessing storm behaviours
and provides a useful way for comparing storms within, and between
catchments, as well as comparing different hydrochemical parameter
responses to investigate how catchment function varies in time and in
relation to catchment character. The analysis presented here conﬁrms
that concentration-discharge relationships are extremely complicated,
varying between rivers, water years and events, but illustrates clearly
how the collection of high resolution data under extreme ﬂow condi-
tions allows a more detailed analysis of these relationships than has
hitherto been possible. This in turn provides some novel insights into
the catchment processes controlling hydrological response and
hydrochemical transport of nutrient loads from land to stream and
within the stream itself, both in dissolved and particulate forms. With
two years of high resolution information it possible to see difference
in the mechanisms which are operating to transport nitrate-N versus
TP and ﬁne-grained sediment to the stream in a groundwater domi-
nated system. This study has also clearly shown the different transport
regimes operating between a groundwater versus a surface-water dom-
inated catchment. This information, set within an uncertainty frame-
work means that extra conﬁdence can be had that the patterns and
relationships are statistically robust. The insights gained from this type
of analysis will be invaluable for inferring the likely contributing source
areas in catchments, the pathways linking source to stream, and the rel-
ative importance of catchment versus instream nutrient and sediment
sources to the continued ﬂux of material downstream. It can thus be
used to identify the most effective ways to mitigate nutrient pollution
and sediment transport in catchments, as well as providing information
regarding transport processes and biogeochemical processing within
river environments. The analyses presented here are scale dependent
in that they are linked to a single sampling station at the outlet of
each study catchment. Future work could employ similar monitoring
at more locations within a study area to examine potential spatial vari-
ations in hysteretic responses and the implications for process under-
standing and catchment management. Whilst providing a useful basis
for inferring catchment responses, hysteresis analysis should be
adopted in tandem with other procedures to procure a ‘weight-of-evi-
dence’ of potential pollutant sources and transport pathways in catch-
ments, and thereby better guide efforts to target sources or interrupt
pollutant transport through the implementation ofmitigationmeasures
in these catchments.
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